Vitamin B12, Coenzyme B12, Organic Radicals Organic radicals generated by the oxidation of aldehydes, alcohols and ethers under reducing conditions are trapped by vitamin Bi2r to yield substituted organocobalamins. From higher n-alkyl aldehydes, acylcobalamins are formed. With acetaldehyde, a mixture of acetylcobalamin and of methylcobalamin is obtained due to the spontaneous decarbonylation of the CH^CO-radical. From saturated alcohols, eo-hydroxyalkylcobalamins are produced, while co-alkoxyalkylcobalamins are formed in the corresponding reactions with radicals generated from ethers. Maximum yields of the organocobalamins are obtained if reducing conditions are maintained during the oxidation of the organic substrates. This is conveniently achieved by using V(III) salts as the reductants and the slow addition of oxidants (e.g. of O2, H2O2, Fenton reagent, or of electrochemically generated oxidizing equivalents). With 5'-deoxyadenosine, ö'-deoxyadenosylcobalamin is formed.
In a recent paper of this series [2] we have shown that vitamin Bi2r, the Co(II)-derivative of vitamin B12, effectively scavenges alkyl-and a>-carboxyalkyl radicals generated from carboxylic acids under "oxidizing-reducing" conditions, affording %-alkyl and co-carboxyalkylcobalamins according to reaction eq. (1):
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The organic radicals in these reactions may be conveniently produced with O2 or H2O2 in the presence of V(III)aq. The latter promotes the formation of oxygen radicals (OOH, OO -or OH) from 02 and H2O2 which are the actually reactive species [3] . The V(III)aq., a powerful reductant, in addition helps maintaining vitamin B12 in the Co(II) state. Since all previously known methods of synthesis of organocobalamins require unsaturated, activated or otherwise reactive organic compounds as the substrates [4] , while reaction eq. (1) utilizes normal, * Reprint requests to Dr. G. N. Schrauzer. 0340-5087/80/0500-0588/$ 01.00/0 nonactivated organic compounds, a new method of synthesis of organocobalamins has become available which promises to be widely applicable.
In the present paper, the usefulness of the new synthesis will be exemplified by the description of reactions of vitamin Bi2r with radicals generated by the oxidation of aldehydes, alcohols and ethers under reducing conditions. Using this reaction, a new synthesis of coenzyme B12 from 5'-deoxyadenosine and vitamin Bi2r will also be described. In addition, several new variants of the original experimental techniques [2] for the synthesis of organocobalamins will be reported.
Results

Organocobalamins from reactions of vitamin Bi2r with radicals derived from aldehydes
The aldehyde hydrogen atom is known to be susceptible to attack by free radicals to yield acyl radicals. These may undergo further oxidation, decarbonylation or dimerization [7] . It thus seemed possible to intercept acyl radicals or radicals derived therefrom by reacting them with vitamin Bi2r under "oxidizing-reducing" ( = 0/R-) conditions. Using V(III)aq. as the reductant, the aldehydes w r ere oxidized under various conditions either with oxygen, air, H2O2, with Fenton reagent, or with electrochemically generated oxidizing equivalents in the presence of vitamin Bi2r as was previously described [2] . While no stable organocobalamins were thus far obtained from reactions with formaldehyde as the substrate, with acetaldehyde, high yields of acetyl-and methylcobalamin were obtained according to reaction eq. (2):
CH, I [Co] The optimal pH for the synthesis of acetylcobalamin is 5.0. At this pH, the yield of acetylcobalamin (based on total vitamin Bi2r) reaches 94.5%, the remainder is methylcobalamin. At pH 10.7, methylcobalamin becomes the main product and was isolated in 83.5% yield.
In Table I , the yields of acetyl-and of methylcobalamin are given as observed under different 0/R-conditions. It is of interest to note that the conversion of vitamin Bi2r to the two organocobalamins is quantitative if NH401-buffered mixtures of vitamin Bi2r and acetaldehyde are exposed to traces of air in the presence of metallic zinc as the reducing agent. Traces of methyl-and acetylcobalamin are even formed by simply exposing solutions of vitamin Bi2r and acetaldehyde to air in the absence of a reducing agent (see Table I ).
With higher aldehydes as the substrates, acylcobalamins are formed in excellent yields and no other organocobalamins were detectable. Thus, neither alkylcobalamins (derived from reactions of alkyl radicals generated by the decarbonylation of the acyl radicals) nor co-formylalkylcobalamins (formed from radicals CH2(CH2)nCH=0 on reaction with vitamin Bi2r) were observed. [4] .
Organocobalamins from reactions of vitamin 2?i2r with radicals derived from alcohols
The reactions of a representative number of saturated alcohols with vitamin Bi2r under O/R conditions were investigated and found to yield isolable organocobalamins with few exceptions. For example, with ethylalcohol, /?-hydroxyethylcobalamin [4] is formed in high yield according to eq. (3):
In reactions of higher alcohols, the corresponding to-hydroxyalkylcobalamins were obtained analogously. Their identity was confirmed by independent synthesis. In Table III 
Organocobalamins from reactions of vitamin i?i2r with radicals derived from ethers
Dialkyl ethers react with vitamin Bi2r under O/R conditions to yield alkoxyalkylcobalamins in good to excellent yields according to reaction eq. (4):
In Table IV, yields and Rf values of a number of alkoxyalkylcobalamins synthesized from vitamin As in all other instances, the identity of the compounds was confirmed by independent synthesis.
Synthesis of 5'-deoxyadenosylcobalamin
The observed formation of 2-methylene(tetrahydrofurfuryl)cobalamin from 2-methyltetrahydrofuran and vitamin Bi2r under O/R conditions prompted us to attempt the synthesis of 5'-deoxyadenosylcobalamin in terms of reaction eq. (5) (5) is at 13.3, affording yields of up to 10% based on total vitamin Bi2r. The low yields of coenzyme are presumably a consequence of the comparatively low initial concentrations of 5'-deoxyadenosine employed; in all other O/R synthesis reactions the organic substrate was used in large excess, thus allowing the generation of organic radicals in higher stationary concentrations. In addition to coenzyme B12, three other cobalamins were formed as byproducts whose Rf values differed sufficiently from that of coenzyme B12 to allow quantitative separation. Some organocobalamins of as yet unidentified constitution are formed from vitamin Bi2r and ATP, ADP or AMP on reaction under O/R conditions. However, 5'-deoxyadenosylcobalamin was not detected among the reaction products.
Discussion
Reactions of aldehydes, alcohols and ethers with vitamin B\2t under OjR-conditions
The reaction of vitamin Bi2r with the organic radicals generated from aldehydes, alcohols and ethers under O/R-conditions are dependent on the susceptibility of the substrates to hydrogen abstraction by oxygen radicals, the life-time of the resulting radicals, and on steric restraints imposed by the corrin moiety. The fact that the Co(II) ion in vitamin B12r is in a sterically hindered environment greatly favors reactions involving primary organic radicals. Reactions with secondary and tertiary radicals occur as well but do not give rise to stable organocobalamins under the reaction conditions employed thus far [6] .
The formation of acylcobalamins from reactions of vitamin Bi2r with aldehydes under O/R-conditions clearly reflects the known [7] susceptibility of the aldehyde hydrogen atom to abstraction by free radicals. Since acyl radicals are also known to undergo spontaneous decarbonylation, the formation of acyl-as well as of alkylcobalamins would have to be generally expected but has in fact been observed only with acetaldehyde as the substrate. With higher aliphatic aldehydes, only the corresponding acylcobalamins were detected. This suggests that the higher acyl radicals either decarbonylate more slowly than the acetyl radical or that the reactions of the resulting higher alkyl radicals with vitamin Bi2r are slow relative to the corresponding reactions of the acyl radicals.
We have been unable thus far to isolate organocobalamins from reactions of aliphatic ketones with vitamin Bi2r under O/R-conditions, but further work with ketones as the substrates is presently in progress.
In the reactions with alcohols as the substrates, the formation of a>-hydroxyalkylcobalamins is favored for reasons outlined above. With methylalcohol as the substrate, no stable organocobalamin was obtained. The expected product, hydroxymethylcobalamin, is probably an unstable compound since previous experiments to synthesize the corresponding cobaloxime [8] were unsuccessful and indicated that in this case decomposition occurred spontaneously. It also appears that organocobalamins and cobaloximes carrying a hydroxyl group in a-position are intrinsically unstable compounds. On the other hand, a-alkoxyalkyl cobalt complexes are well known to be stable [8] . Hence, the observed formation of methoxymethylcobalamin in the reaction of vitamin Bi2r with methylether under O/Rconditions is not surprising.
The successful isolation of 2-methylene(tetra-hydrofuryl)cobalamin from the reaction of 2-methyltetrahydrofuran with vitamin Bi2r led to the application of the O/R-method to the synthesis of 5'-deoxyadenosylcobalamin with 5'-deoxyadenosine as the substrate. Verification of reaction eq. (5) is of potential importance because 5'-deoxyadenosine can form from coenzyme B12 through nonenzymatic reductive cleavage of the Co-C bond [9] . From such solutions, or in any mixtures containing vitamin Bi2r and 5'-deoxyadenosine, coenzyme B12 could be regenerated on exposure to traces of air. Although the yields of coenzyme B12 were modest under the conditions employed, the new method of synthesis could become important once 5'-deoxyadenosine becomes more readily accessible.
Experimental
Reagents and chemicals
All commercially available inorganic compounds were either reagent-or analytical grade and were used without further purification. Vitamin Bi2a, hydroxocobalamin, was obtained from Merck, Sharp and Dohme Research Laboratories. Anhydrous, crystalline VCI3 was purchased from Organic/Inorganic Chemical Corp. The alcohols, aldehydes and ethers were distilled prior to use.
Stock solutions
A stock solution of V(III) aq. was prepared by dissolving 0.99 g of anhydrous VCI3 in 15 ml of deaerated 1 N HCl. Fe(II) stock solutions were prepared by dissolving 2.224 g of FeSC>4 • 7 H20 in 30 ml of deaerated 1 N H2S04. A stock solution of vitamin Bi2a was prepared by dissolving 0.163 g of crystalline hydroxocobalamin in 20 ml of deaerated water. All stock solutions were stored under argon in rubber serum capped glass bottles to allow sample withdraAval by means of syringes.
Representative procedures for the synthesis of organocobalamins under O/R-conditions
A number of standard experimental conditions for the synthesis of organocobalamins under O/Rconditions have been outlined in ref. [2] and were adopted without modifications in the present paper. Accordingly, it is sufficient to restrict the description of the methodology to pertinent examples.
Acetylcobalamin from vitamin B\2t and acetaldehyde. Method A. Vitamin Bi2a stock solution (0.5 ml, 2.5 //moles) and 0.52 ml of 10% NaOH solution (the predetermined amount to adjust the final pH to 5.0) were placed into an Erlenmeyer flask of 10 ml capacity. The flask was equipped with a small magnetic stirrer bar and a silicone rubber seal with argon inlet and outlet using syringe needles. The solution was deaerated by bubbling argon through the flask while stirring continued for 15 min. After deaeration, FeS04 stock solution (0.5ml, 200//moles) and VCI3 stock solution (0.5 ml, 200 //moles) were injected by means of syringes. After the argon gas inlet and outlet were closed, 1 ml of distilled acetaldehyde (previously cooled to 0 °C) was injected. The reaction was initiated by the slow, dropwise addition of a 0.1% solution of H2O2 in water. The rate of addition of H2O2 solution was such that 0.4 ml was added in 20 min. During the addition, the reaction solution was stirred as vigorously as possible. The reaction temperature was maintained at 23 °C using a water bath. After completion of the addition of H2O2, the organocobalamins were extracted with phenol and precipitated with a mixture of acetone and ether. The purity and yield of acetylcobalamin were determined by TLC and quantitative analysis of the optical absorption spectra before and after aerobic photolysis. In addition to acetylcobalamin, traces of methylcobalamin are formed and were identified analogously (for yields see Table I ). Methods B, C and G: The preparation of acetylcobalamin was conducted just as outlined for Method A except with omission of Fe(II), V(III) aq. or both. In Method G, H202 (0.1%, 0.4 ml) was slowly added to a solution of vitamin Bi2a and acetaldehyde over a period of 2 h. In Method H, a solution of vitamin Bi2a (0.5 ml, 2.5 //moles) was diluted to 2 ml by the addition of water. Acetaldehyde, 1 ml was added by means of a syringe and the reaction mixture shaken in air for 10 min. After phenol extraction and precipitation of the cobalamins with a mixture of acetone and ether, TLC analysis revealed traces of acetyl-and methylcobalamin. In Method D, 0.5 ml of the FeS04 stock solution were reduced to metallic iron (or iron borides) by the addition of excess NaBH4. The precipitate containing the iron was washed several times with deaerated water to remove all the remaining NaBHi. Into a 10 ml flask, 0.5 ml of the vitamin Bm stock solution and 1 ml of a 25% aqueous solution of NH4CI were added. The flask was deaerated by passing a stream of argon through the stirred solution. Subsequently, the slurry of iron was added by means of a syringe, followed by 1 ml of cooled, freshly distilled acetaldehyde. The reaction was initiated by adding 0.4 ml of 0.1% H2O2 to the solution over a period of 20 min while stirring was continued. After addition of the H2O2 was complete, the excess of the iron particles was removed by means of a magnet. Subsequent workup of the cobalamins was performed as described for Method A. Method E. In this variant of the O/R method, 50 mg of zinc dust was added to the solution of vitamin Bi2a-The experiment was otherwise conducted just as outlined above for Method D except that excess metallic zinc was removed by centrifugation. In Method F a slow T stream of air was passed through the reaction mixture containing vitamin Bi2a (2.5 moles) acetaldehyde (1ml) 1ml NH4CI solution (25% wt.) and 50 mg of powdered zinc. The stream of air passing through the reaction mixture must not be too strong in order to prevent excessive losses of the volatile acetaldehyde. During the reaction the solution was vigorously stirred and worked up as described above after 30 min. The yields from typical experiments are summarized in Table I .
Synthesis of authentic acetylcobalamin, methylcobalamin, etc.
Vitamin Bi2a (5 rng) was dissolved in 1 ml of 25% NH4CI solution in a test tube. To this solution 150 mg of zinc dust was added, whereupon the test tube was closed with a rubber serum capped and deaerated with argon. After the reduction of vitamin Bi2a to vitamin Bi2S was complete, a few drops of acetyl chloride or rnethyliodide were injected. After 15 min of reaction in the dark, the solutions were diluted with 10 ml of water. The organocobalamins were phenol extracted after removal of the excess zinc and isolated from the phenol extracts by the addition of an acetone-ether mixture. The organocobalamins w T ere checked for purity by TLC and spectroscopic analysis. All other organocobalamins mentioned in this paper were prepared and isolated analogously.
Higher acylcobalamins, hydroxyalkyl-and alkoxyalkylcobalamins by the OjB-reactions
The higher acylcobalamins were prepared in most cases using Method A, see above. The hydroxyalkyland alkoxyalkylcobalamins were either prepared by Method A or using the original V(III)/02 procedure as outlined in Ref. [2] .
Synthesis of 5'-deoxyadenosylcobalamin (coenzyme Biz)
5'-Deoxyadenosine (25.1 mg, 0.1 mmoles, from Terra Marine Bioresearch, La Jolla, Calif.), 0.5 ml of vitamin Bi2a stock solution, 1.1 ml of 10% NaOH and 0.5 ml of VCI3 stock solution were placed into a glass bottle of 38 ml capacity. The bottle was sealed with a serum cap and was gently shaken in the dark at room temperature for 1 h (the oxidant in this case was air; the bottle was not deaerated first!). The cobalamins were extracted with phenol, precipitated with acetone-ether and isolated by centrifugation. The cobalamins were dissolved in a minimal amount of methanol and subjected to thinlayer chromatography on cellulose w T ith three different solvents. Coenzyme B12 was identified by comparison of the Rf values, the optical absorption spectra and cochromatography with authentic coenzyme B12. It was furthermore shown to be active by bioassay with ribonucleotide reductase from L. leischmannii. The yields of coenzyme B12 from several experiments ranged from 5 to 10%, based on total vitamin B12.
